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Abstract Group Theory techniques can aid greatly
the determination of magnetic structures. The integra-
tion of their calculations into new and existing refine-
ment programs is an ongoing development that will sim-
plify and make more rigorous the analysis of experimen-
tal data. This paper presents an overview of the practical
application of symmetry analysis to the determination
of magnetic structures. Details are given of the differ-
ent programs that perform these calculations and how
refinements can be carried out using their results. Ex-
amples are presented that show how such analysis can
be important in the interpretation of magnetic diffrac-
tion data, and to our reasoning of the causes for the
observed ordering.
PACS numbers: 75.10.-b, 75.25.+z
1 Introduction
Despite immense technical progress since the first mag-
netic neutron diffration experiments of Shull and Smart,[1]
the determination of magnetic structures remains a sub-
ject that is typically limited by the data analysis strat-
egy: structures are generally determined by intuition or
simple trial and error refinement. As a consequence, the
literature is full of incorrect magnetic structures and in-
complete refinements. While Group Theory techniques
can be applied to limit the number of trial structures,
or to determine along which directions the spin com-
ponents can lie, their calculations when carried out by
hand are arduous. This has led to their being applied
only when a problem warrents their use, or more com-
monly, when it is sufficiently close to an example already
in the literature. Recently, a number of computer pro-
grams have been developed that allows the unspecialised
user to perform these calculations automatically. Their
integration with common refinement codes allow for the
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first time the simple and rigorous examination of which
symmetry-allowed magnetic structures are compatible
with collected data.
In this article a brief overview is made of the practi-
cal application of using Group Theory to aid the deter-
mination of magnetic structures from both powder and
single crystal samples. Examples are given that demon-
strate the importance of symmetry information for the
correct analysis of magnetic diffraction data, and con-
commitently to the understanding of the physical rea-
sons for the formation of a long-ranged magnetic order.
2 Representational Analysis Calculations
The calculations can be separated into two parts. The
first is a grouping according to symmetry of the possible
magnetic structures that are compatible both with the
Space Group of the crystal structure and the propaga-
tion vector k of the magnetic ordering. The second part
involves the application of Landau theory as a tool to
simplify which of these are possible as a result of a con-
tinuous second-order phase transition. While the group-
ing and the labelling of the different magnetic structures
by their symmetry properties is completely general, the
assumptions made that involve the Landau theory are
subject to its limitations.
The application of Group Theory to the determina-
tion of magnetic structures is termed Representational
Analysis[2,3,4,5,6] and is based on the calculation of the
Fourier components of an ordered magnetic structure
that are compatible with the symmetry of the crystal
space group before the phase transition and the propa-
gation vector.
The first step in the analysis is the identification of
the propagation vector k associated with the phase tran-
sition, and which space group symmetry operations leave
it invariant. These operations form the little group Gk.
The symmetry elements of Gk and value of k are then
used to determine the different Irreducible Representa-
tions (IRs) of Gk. The different basis vectors (Fourier
2 A. S. Wills
components of the magnetic structure),BV, that are pro-
jected out from an Irreducible Representation define a
basis vector space that may be termed a “symmetry-
allowed” model. The different IRs define orthogonal ba-
sis vector spaces that can be used to conveniently classify
the different possible magnetic structures.
3 Application of Landau theory
The Landau theory of a second-order phase transition
requires that the Hamiltonian of the system is invariant
under the symmetry operations of Gk. This leads to the
requirement that for a second-order phase transition an
ordered structure can be the result of only a single IR be-
coming critical. This typically leads reduces the number
of trial structures and the variables that each involve.
When the assumptions of Landau Theory are not
valid, for instance when the Hamiltonian possesses odd
powered terms the mixing of components from different
IRs becomes possible. Continuing with this logic, the ob-
servation of a magnetic structure that involves different
IRs is suggestive of either successive ordering transitions
for each IR, or additional terms in the magnetic Hamil-
tonian that relax the single IR rule, e.g. Crystal Field
terms at sites with certain point symmetries.
4 Programs that perform these calculations
While tabulated values of the IRs of the Space Groups
have existed for many years,[7,8] they are prone to the
inaccuracies1 and their laborious use in calculations car-
ried out by hand is perhaps the major reason for their
restricted use. Preferable to many are the programs that
have been written that calculate these IRs, or use files
of tabulated values such as: KAREP[10] (calculated),
MODY[11] (unverified tabulated values), BasiReps[12]
(based on KAREP), and SARAh [13] (with the choice of
KAREP-based and computer verified tabulated values).
MODY, BasiReps, and SARAh also use these values to
calculate directly the basis vectors associated with the
different IRs, and so allow the rapid and simple calcula-
tion of the possible symmetry-allowed structures.
5 Refinement using the results of symmetry
analysis
The simplest and most general mathematical descrip-
tion of a magnetic structure is in terms of Fourier com-
ponents: the basis vectors that result from the Group
Theory. The panoply of different possible commensu-
rate and modulated incommensurate structures can be
simply understood in terms of the form of the basis
1 the exception to this is likely to be those presented in
Ref. [9] as these have been subject to computer verification.
vector(s) for a site and the value(s) of k. To simplify
the refinement process, SARAh and BasiReps have been
written to integrate with the standard refinement codes
FullProf 2000[14] (BasiReps and SARAh) and GSAS[15]
(SARAh). The applicability of the technique is now lim-
ited principally by the choice of refinement codes2.
The reduction in data due to the magnetic form fac-
tor and the observation of only the component of the
magnetisation perpendicular to the scattering vector re-
sult in instabilities and limitations when using conven-
tional least-squares refinements. These can be overcome
by the reverse-Monte Carlo based algorithms which al-
low the automatic exploration of the degrees of freedom
associated with a given magnetic structure and the iden-
tification of additional minima in the refinement[13]. In
more complex cases the technique of Simulated Anneal-
ing can be employed: this uses a decreasing criterium to
allow the more controlled evolution of the system that
is required to bypasses the false minima commonly as-
sociated with larger numbers of variables.
6 On-going development of refinement codes
Due to the difficulties in magnetic structure refinement
being greatest for data from powders, development of
these new magnetic structure refinement codes has con-
centrated on their analysis. As part of a collaboration
between the Insitut Laue-Langevin, the Commissariat a`
l’E´nergie Atomique, and the Laboratire Le´on Brillouin
we are at present working on the extension of the Full-
Prof package not only towards the refinement of unpo-
larised and polarised neutron diffraction data collected
from single crystals, but also to data collected by the
technique of spherical neutron polarimetry. After these
developments the data collected by any technique, from
conventional powder diffraction to even the most com-
plex collection techniques, will be refinable in terms of
symmetry generated basis vectors.
7 Canted antiferromagnetism in M2[Ni(CN2)]
(where M=Mn and Fe)
The first example of the application of these techniques
is taken from the M2[NiCN2)] (where M=Mn and Fe)
molecular solids.[16] These binary metal-dicyanide molec-
ular materials crystalise in the space group Pnnm. Be-
low second order transitions at T ∼ 16 K for the Mn
and T ∼ 19 K for the Fe compound, these display long-
range magnetic order with the propagation vector k =
(000). Symmetry analysis of the magnetic M atom at the
2a position indicates that there are 4 symmetry-allowed
models; these correspond to the IRs Γ1, Γ3, Γ5, and Γ7
2 Perhaps the most important restriction arises from the
absence of a propagation vector in GSAS- it is consequently
limited to only simple commensurate structures.
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in the notation of Kovalev[8,9] and their basis vectors
are given in Table 1. While data collected using powder
neutron diffraction can be well fitted by a simple model
of antiparallel spins (M1=-M2) that were free to rotate
in the ab plane, this spin structure is not allowed by
symmetry. Investigation of the symmetry-allowed mod-
els found that the data could only be well fitted by Γ5.
IR BV M1 M2
Γ1 ψ1 (0 0 1) (0 0 1¯)
Γ3 ψ2 (1 0 0) (1 0 0)
ψ3 (0 1 0) (0 1¯ 0)
Γ5 ψ4 (1 0 0) (1¯ 0 0)
ψ5 (0 1 0) (0 1 0)
Γ7 ψ6 (0 0 1) (0 0 1)
Table 1 Magnetic basis vectors, BVs, for the 2a site of the
space group Pnmm with the propagation vector k = (0 0 0).
M1 and M2 are the atomic positions (0 0 0) and ( 1
2
1
2
1
2
).
Inspection of the associated basis vectors (ψ4 and ψ5)
shows that while the moments are antiferromagnetically
aligned along a, an uncompensated magnetisation can
exist along b. The presence of such a ferromagnetic spin
canting has been confirmed by dc susceptibility data.
8 Rare earth nickel borocarbides
Very recently symmetry analysis has provided important
new information about the variety of magnetic orderings
that are observed in the rare-earth nickel borocarbide
RNi2B2C (R = Gd–Lu, Y).[17] In these materials Fermi
surface nesting effects propagated via the RKKY inter-
actions create a strong tendancy for these materials to
order magnetically with the propagation vector k=(0.55
0 0). Despite this, a large number of different magnetic
structures are observed for the series.
The key to understanding the magnetism of these
materials was the single-ion anisotropies of the rare-
earths. These are typically well defined and possess a
characteristic energy scale that is far greater than that
of the exchange interactions. Their effect is to force the
magnetisation to point along specific crystalographic di-
rections. Symmetry analysis of the different magnetic
structures that are possible for the propagation vector
k=(0.55 0 0) in this system indicated that when the
single-ion effects were incompatible with the symmetry-
allowed directions for this propagation vector, the sys-
tem orders according to another propagation vector that
does allow the single-ion effects of the rare-earth in ques-
tion to be satisfied.
9 The jarosites
The jarosites (AFe3(SO4)2(OD)6 where A=Na
+, K+,
Rb+, Ag+, ND+4 ,
1
2
Pb+2) are the most studied examples
of kagome´ antiferromagnets. They have been the objects
of much scrutiny as the magnetic sublattice makes up
a geometry of vertex sharing triangles. This results in
their having an infinite number of classical ground states
in the presence of only nearest-neighbour antiferromag-
netic exchange interactions. Further-neighbour interac-
tions can raise this degeneracy and cause one particular
ordered spin configuration to be favoured from the de-
generate manifold. Unfortunately, the experimental de-
termination of which occurs is strongly hindered by an
ignorance of the particular degeneracy breaking interac-
tion. Not only did symmetry analysis provide a particu-
larly effective tool for the reduction in the number of trial
structures, but it also helped understood them in terms
of the different terms in the exchange Hamiltonian.[18]
10 Conclusion
The tools are now available that allow the unspecialised
researcher to use symmetry analysis to make simpler
and more rigorous the refinement of magnetic neutron
diffraction data. As demonstrated here, their application
to even the simplest structures is important as physically
unreasonable models still often fit experimental data.
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